Abstract: Electron energy loss spectra in conjunction with near-edge fine structures of purely stoichiometric niobium monoxide~NbO! and niobium pentoxide~Nb 2 O 5 ! reference materials were recorded. The structures of the niobium oxide reference materials were checked by selected area electron diffraction to ensure a proper assignment of the fine structures. NbO and Nb 2 O 5 show clearly different energy loss near-edge fine structures of the Nb-M 4,5 and -M 2,3 edges and of the O-K edge, reflecting the specific local environments of the ionized atoms. To distinguish the two oxides in a quantitative manner, the intensities under the Nb-M 4,5 as well as Nb-M 2,3 edges and the O-K edge were measured and their ratios calculated. k-factors were also derived from these measurements.
INTRODUCTION
Niobium and niobium-based compounds have been studied for several decades. They find many technological applications, for instance, as oxygen sensors~Rosenfeld et al., 1994!, waveguides~Saito & Shiosaki, 1992!, or as tunnel barriers in Josephson tunnel junctions~Halbritter, 1987!. Moreover, niobium pentoxide~Nb 2 O 5 ! recently gained considerable attention as an attractive dielectric material in high-capacity solid electrolyte capacitors~Zillgen et al., 2002; Fischer et al., 2003 ! because the material is more readily available and because it has a higher relative permittivity compared to the widely used tantalum pentoxide system. Unfortunately, besides the aforementioned advantages, the recently developed niobium capacitors are characterized by a higher leakage current when compared to the highly sophisticated tantalum solid electrolyte capacitors~Zillgen et al., 2002!. One possible reason for this drawback might be the high complexity of the niobium-oxygen system when compared to the tantalum-oxygen system. In contrast to the tantalum-oxygen system, where the dielectric tantalum pentoxide is the only stable tantalum oxide compound, the niobium-oxygen phase diagram contains a variety of different stable and metastable niobium oxide phases, which exhibit a wide range of different electrical properties, ranging from metallic conducting behavior~NbO! to insulating behavior~Nb 2 O 5 !~Gmelins, 1970!. Because only purely stoichiometric Nb 2 O 5 presents ideal dielectric properties, the determination of the local stoichiometry within the nanoscale dielectric oxide layers in capacitor structures is essential. Such studies are of importance to understand the mechanisms of leakage currents, which might be due to n-type semiconducting behavior of parts of the dielectric oxide layer as a result of oxygen deficiencies. Therefore, they should contribute to the knowledge of the overall failure mechanisms of niobium solid electrolyte capacitors.
Transmission electron microscopy~TEM! and electron energy loss spectroscopy~EELS! in conjunction with energy loss near-edge structure~ELNES! investigations with high spatial resolution are well suited for this task~see, e.g., Brydson, 2000; Keast et al., 2001 !. Generally, for transition metal oxides, ELNES studies on appropriate ionization edges can serve as "fingerprints" of changes of the oxidation state, chemical bonding, and atomic environment~Paterson & Krivanek, 1990; Kurata et al., 1993; Mitterbauer et al., 2003!. However, reference data for the different niobium oxides, which are required for ELNES investigations of Nb-based capacitor structures, are not available in the literature except of those for the O-K edge of niobium dioxide~NbO 2 ! Jiang & Spence, 2004!. In contrast, vanadium oxides that are quite similar to those of niobium with respect to valency of the metal and crystal structure have been widely studied by EELS and ELNES~Lin et al., 1993; Hébert et al., 2002!. The comparison between vanadium and niobium is of principal interest, because both are elements in group V of the periodic table. It was shown that the O-K ELNES is well suited for the characterization of the electronic properties of the different vanadium oxides and consequently for the determination of their stoichiometry.
EELS quantification using oxidic standards is a wellestablished technique. Generally, compared to standardless analysis based on theoretical cross sections, the use of reference materials is recommended when data of high reliability are essential~see, e.g., Hofer, 1991; Hofer & Kothleitner, 1993 !, particularly when M edges have to be quantified. For instance, on the basis of a molybdenum trioxide~MoO 3 ! reference, the Mo-M 4,5 cross section was experimentally determined and applied to the quantification of molybdenum disilicide~MoSi 2 !~Hofer et al., 1988!. Furthermore, molybdenum oxides were successfully identified by quantitative EELS using experimental cross-section ratios derived solely from the Mo-M 3 and O-K edges of MoO 3~W ang et al., 2004!. Again, molybdenum is also of special importance to be compared with niobium because of their neighborhood in the periodic table, implying a similar electronic structure. For niobium itself, cross-section ratios were already measured on oxidic standards by the use of the Nb-M 4,5 and the O-K edges or the Nb-L 2,3 and O-K edges~Hofer et al., 1988, 1996 !. Nevertheless, they were not employed to quantify Nb compounds with known or unknown composition. Data on quantification by means of the Nb-M 2,3 edges are missing.
Hence, the aim of the present work was the measurement of ELNES reference spectra for niobium oxide phases with known stoichiometry to get a tool for further characterization of the amorphous dielectric oxide layers within newly developed solid electrolyte niobium capacitors. Moreover, the potential applicability of quantitative EELS using oxidic standards was checked for different Nb-M edges.
MATERIALS AND METHODS

Reference Materials and Sample Preparation
In this study, two stable niobium oxides with extreme niobium oxidation states, namely, niobium monoxide~NbO! with a nominal oxidation state of ϩ2 and niobium pentoxide~Nb 2 O 5 ! with a nominal oxidation state of ϩ5, were investigated. Niobium monoxide is a conductor that exhibits a defective rock-salt structure with 25% ordered vacancies both in the niobium and in the oxygen sublattice. Its structure can be described by the space group Pm N3m~no. 221!~Gmelins, 1970; Pialoux et al., 1982 For niobium pentoxide, stoichiometric needles supplied by PD Dr. C. Rüscher from the University of Hannover~Germany!, Department of Mineralogy, were used. The TEM sample preparation involved the successive embedding of the needles in epoxy glue and an aluminum oxide tube, diamond cutting, mechanical grinding, dimpling, and Ar ϩ -ion thinning. To avoid electric charging during the electron microscopy investigations, the TEM foils were finally coated with evaporated carbon, the electron transparent regions of interest being protected by masks.
Structural Characterization
The crystal structure of the NbO and Nb 2 O 5 reference materials was checked by selected area electron diffractioñ SAED! in a transmission electron microscope using a Philips CM200FEG/ST~field emission gun! microscope and a LEO 922 microscope equipped with an in-column Omega energy filter. Both instruments were operated at 200 kV. The recorded diffraction patterns were compared to simulations performed by the JEMS~Java version of Electron Microscopy Software! software~Stadelmann, 1987! with crystallographic data corresponding to the stoichiometric structures described previously~Gatehouse & Wadsley, 1964; Pialoux et al., 1982 !. JEMS is a computer package allowing one to simulate diffraction patterns, but also high-resolution TEM images~available online at http://cimesg1.epfl.ch/CIOL/ ems.html!.
Electron Energy Loss Spectroscopy
EELS spectra were recorded on the NbO and Nb 2 O 5 reference materials using a JEOL JEM-3000F field-emission transmission electron microscope equipped with a Gatan Imaging Filter~GIF! and a LEO 922 microscope equipped with an in-column Omega energy filter. The JEOL JEM-3000F was operated at 300 kV. The collection semi-angle was 4.76 mrad and the convergence semi-angle was approximately one third of this value. The energy resolution, determined from the full width at half maximum of the zero-loss peak, was 1.2 eV. The LEO 922 was operated at 200 kV with a lanthanum hexaboride~LaB 6 ! cathode. The collection and convergence semi-angles were 12.2 mrad and 11.1 mrad, respectively. The energy resolution amounted to approximately 2.1 eV.
The spectra posttreatment was performed with the Gatan Digital Micrograph and SIS EsiVision software. For each edge of interest, the background was fitted within an energy window positioned immediately before the edge and extrapolated beyond the edge onset. Depending on the edgẽ for further information see sections "Quantitative Analysis" and "Quantitative Analyses of Nb Oxides" below! a power-law or exponential function, respectively, was used for this purpose~Egerton, 1986!. The extrapolated background was then subtracted from the edge. To avoid artifacts due to large thickness, a Fourier-ratio deconvolution of multiple inelastic scattering was performed~Egerton, 1986!.
RESULTS
Structural Characterization
SAED patterns were recorded from each niobium oxide reference material in several orientations. Moreover, simulations of the diffraction patterns were performed using the JEMS software to achieve confirmation of whether the investigated reference materials really correspond to the stoichiometric niobium monoxide and niobium pentoxide high-temperature phase. Figure 1 shows the experimentally determined diffraction patterns from @001#-oriented NbÕ Fig. 1a ! and @101#-oriented Nb 2 O 5~F ig. 1b! as well as the corresponding simulations~Fig. 1c,d, respectively!. The mean NbO lattice parameter as determined from the experimental diffraction patterns was found to be a ϭ 0.424 nm, which is in good agreement with the crystallographic datã a ϭ 0.4212 nm, 0.7% relative error! supplied in literaturẽ Pialoux et al., 1982 !. In the case of Nb 2 O 5 , the following parameters were found: lattice constant a ϭ 2.141 nm literature value is 2.116 nm; Gatehouse & Wadsley, 1964 ; relative error of 1.2%!, b ϭ 0.384 nm~literature: 0.3822 nm, 0.5% error!, c ϭ 1.89 nm~literature: 1.935 nm, 2.4% error!, and angle b ϭ 118.28~literature: 119.88, 1.3% error!. The 
ELNES of NbO and Nb 2 O 5 Reference Materials
EELS spectra were recorded for the Nb-M 4,5 and -M 2,3 edges and for the O-K edge at about 205 eV, 364 eV, and 532 eV, respectively. The Nb-M 4,5 edges are mainly attributed to the transition of Nb 3d electrons to the unoccupied 4f and 5p states, whereas the Nb-M 2,3 edges are principally associated with the transition of Nb 3p electrons to the unoccupied 4d and 5s states. Finally, the O-K edge of the EELS spectra is mainly attributed to a transition of O 1s electrons to the unoccupied 2p states. Representative reference spectra recorded from NbO and Nb 2 O 5 by the combined JEM-3000F/ GIF are shown in Figure 2 . The two stoichiometric niobium oxides show clearly different fine structures of the edges, reflecting different electronic structures and bonding.
The Nb-M 4,5 edges of NbO are characterized by a shoulder at about 245 eV followed by a large bump~arrows in Fig. 2a!, The O-K edge is characterized by a double peak structure just above the ionization edge~marked by the letters a and b in Fig. 2e ,f!, followed by different peaks and bumps, characteristic for NbO and Nb 2 O 5~l etters c and d in Fig. 2e and letters c, d, and e in Fig. 2f , respectively!. The double peak structure differs for NbO and Nb 2 O 5 in the relative height of the two peaks when spectra were recorded with similar energy resolution as well as in their energy splitting. The splitting E b Ϫ E a is around 2.8 eV for NbO and 4.1 eV for Nb 2 O 5 , also demonstrating a significant feature for identification of the oxidation state of the niobium oxide phase.
Quantitative Analysis
Because the number of counts under an inner-shell ionization edge can be considered to be proportional to the number of atoms present~Egerton, 1986!, the two oxides can be distinguished in a quantitative manner by measuring the intensities under the Nb-M 4,5~INbM4,5 ! or Nb-M 2,3 I NbM2,3 ! edges, respectively, and the O-K~I OK ! edge and calculating the ratio of the corresponding ionization edges. The intensities were integrated over a constant energy window D beyond the ionization thresholds as shown in Figures 3 and 4 for using either the Nb-M 2,3 or Nb-M 4,5 edges. Generally, a large integration window should be chosen to minimize the influence of the near-edge fine structure, which reflects the structural and chemical environment of the ionized atom but not directly the element content in the specimen. Such solid-state effects are particularly strong for edges with white lines, as, for example, in our case observable at the Nb-M 2,3 edges. However, errors in background extrapolation generally rise with energy loss well above edge onset. Thus, the choice of an about 70-eV-wide window starting at the very edge onset seems to be a good compromise with respect to both influence of solid-state effects and accuracy of background fitting. To fit the background under the Nb-M 4,5 and O-K edges, a power-law model was applied, whereas it was predominantly an exponential fitting function for the Nb-M 2,3 edges. Using the Nb-M 2,3 edges for quantification, the measurements~JEM-3000F with GIF! were conducted on four NbO spectra and four Nb 2 O 5 spectra. The results were averaged, leading to different I NbM2,3 /I OK intensity ratios, namely 1.46 6 0.13 for NbO and 0.552 6 0.015 for Nb 2 O 5 . By means of the Nb-M 4,5 edges, 12 spectra were recorded LEO 922 Omega! and quantified for each niobium oxide, yielding an I NbM4,5 /I OK intensity ratio of 9.46 6 0.25 for NbO. For Nb 2 O 5 , a ratio of 3.76 6 0.06 was found. In each case, that is, using either the Nb-M 2,3 edges or the Nb-M 4,5 edges, the measured intensity ratios allow a clear quantitative distinction between the two oxides.
A next step in our research will be the use of these measurements on known niobium oxide reference materials to investigate the local stoichiometry within nanoscale oxide layers in niobium-based capacitor structures. For this purpose, a sensitivity factor, the so-called k-factor~Hofer et al., 1988!, can be derived from the intensity ratios. It represents the ratio of the partial ionization cross sections for the investigated inner-shell scattering events under a particular set of defined experimental parameters, including the incident beam energy E 0 , the collection semi-angle b, the convergence semi-angle a, and the observed energy window D. Under the assumption that the "real" background is removed from the investigated edges, that is, that the intensities measured under the edges correspond accurately to the occurrence of the particular inelastic scattering events that they are supposed to represent, the k-factor allows a correlation between relative atomic concentration ratios and intensity ratios. It is given by 
DISCUSSION
O-K ELNES of NbO and Nb 2 O 5
The differences in the double peak structure of the O-K ELNES~cf. Fig. 2e -is octahedrally coordinated to six oxygen atoms, a double peak structure at the O-K edge is observed that can be attributed to t 2g and e g states. For NbO 2 , the measuring conditions were partly different~E 0 ϭ 100 keV, b ' 5 mrad! compared to those used in the present study. Nevertheless, the energy resolution being of particular importance for the occurrence of fine-structure features was in the same order~about 1 eV! as for the JEM-3000F/GIF about 1.2 eV!. On the whole, it can be noted that the degree of peak splitting is a measure of the oxidation state.
To understand the variation of the peak intensity ratios, the simplest effect that has to be considered is the electron counting~de Groot et al. ! are in a d 0 configuration, and thus the ratio of empty orbitals t 2g /e g is 6/4. This ratio falls to 3/4 for NbO with niobium atoms in a d 3 configuration, the lower energy t 2g states being filled before the e g states. This effect could qualitatively explain that a lower relative intensity of the first peak~a! versus the second peak~b! is observed for NbO when compared to Nb 2 O 5 . Nevertheless, this oversimplified interpretation of the double peak structure neglects several important factors. Exchange effects can split the two orbital sets t 2g and e g into four, according to the spin directions. This effect should principally concern NbO, the exchange splitting being proportional to the number of unpaired spins~Orgel, 1960!, which is zero and three in d 0 and d 3 compounds, respectively. However, for niobium as a 4d transition metal, a low-spin behavior can be expected for NbO, meaning that all the t 2g orbitals are still lower in energy than any e g orbital. The e g orbitals in octahedral compounds being directed toward the oxygen atoms, they hybridize more strongly with the O 2p orbitals than the t 2g orbitals do, which can influence the peak intensity ratios~de Groot et al., 1989!. Moreover, this interpretation of the double peak structure was based on the assumption that the niobium atoms are octahedrally surrounded by oxygen. This is quite true for Nb 2 O 5 , which also contains NbO 4 tetrahedrons, but in a much smaller fraction than NbO 6 octahedrons~Gmelins, 1970!. For NbO however, due to the 25% of atoms missing in the rock-salt structure, the niobium atoms may be better described as being in a square planar oxygen environment, the interpretation of the double peak structure is becoming much less obvious.
Quantitative Analyses of Nb Oxides
In the present work, quantitative EELS analyses were performed on oxidic standards to check their potential applicability to the Nb-O system. The above-presented results were obtained by two experimental setups~JEM-3000F with postcolumn imaging energy filter, LEO 922 with in-column Omega filter! as well as by using different ionization edges, Nb-M 2,3 and Nb-M 4,5 , respectively, and the O-K edge. For quantification by means of the Nb-M 4,5 edges, a higher accuracy was usually achieved in comparison to Nb-M 2,3 edges. In determining k-factors, the standard deviation amounts to approximately 62.1% in the case of Nb-M 4,5 edges, whereas it is about 67.0% for Nb-M 2,3 edges. To explain this difference it should first be noted that the k-factors were calculated by averaging the data of 24 spectrã Nb-M 4,5 ! in contrast to only eight spectra~Nb-M 2,3 !. In addition, the difference can also be caused by the effect of fine structures, which is much stronger in the case of the Nb-M 2,3 white lines. Moreover, quantitative EELS data are also influenced by the experimental parameters such as primary electron energy, convergence and collection semiangles, and measuring time. However, the background fitting and subtraction procedures in correlation to the specific Nb edge seem to be the most important factor explaining the difference observed in the accuracy.
The influence of the background subtraction on the measured I NbM /I OK intensity ratios and the calculated k-factors will now be discussed in more detail. This decisive step is based on the assumption that the background has the same energy dependence after the edge as before. However, the width and the position of the background-fitting window preceding the excitation edge, as well as the choice of the fitting function, may lead to different results for the intensity measured under the edge, without any reliable way to check the physical pertinence of the obtained extrapolation under the edge. This operation becomes even more uncertain when the quantified edge is close to another ionization edge occurring at lower energy, in which case the background may change its form in the fitting or integration regions. This is, unfortunately, the case for the Nb-M 2,3 edges, which lie on the tail of the preceding Nb-M 4,5 edges, and can explain the above-mentioned difference in the standard deviation. For subtracting the background from the Nb-M 2,3 edges, an exponential fitting function seemed to have lower error for some spectra than the commonly assumed powerlaw model, but without the assurance that the energy dependency of the background does not vary under the edge.
The positioning of the integration window can also contribute to the total error of the quantification method. It is particularly problematic when edges with a delayed maximum shape are used, for example, the Nb-M 4,5 , due to the difficulty of localizing the edge onset with precision. Nevertheless, the resulting errors are minimized by the choice of a large integration window. Considering the total error obtained in the present work for the Nb-M 4,5 edges~62.1%!, the effects of these uncertainties seem to remain reasonably low when a 70-eV-wide integration window is employed.
Comparing the two oxides, a standard deviation of the k-factors larger for NbO than for Nb 2 O 5 is generally found. When using the Nb-M 2,3 edges, it amounts to 68.9% in the case of NbO, but 62.9% for Nb 2 O 5 . Quantification on the basis of the Nb-M 4,5 edges yields a standard deviation of 62.6% for NbO and 61.6% for Nb 2 O 5 . Obviously, the difference in the standard deviation is more pronounced when Nb-M 2,3 edges are used. This can be attributed to the errors in background subtraction under the Nb-M 2,3 edges, which are higher for NbO compared to Nb 2 O 5 owing to the more intense preceding Nb-M 4,5 edges due to the element ratio Nb/O ϭ 1. When Nb-M 4,5 edges and the O-K edge are used for quantification, the latter has to be recorded simultaneously with the intense Nb-M 4,5 edges. This is limiting the absolute O-K edge signal measured, especially in the case of NbO. Thus, a reason for the larger standard deviation found for NbO is probably the lower O-K edge signal, which degrades the counting statistics.
In both cases, that is, using either the Nb-M 4,5 or the Nb-M 2,3 edges, local concentration fluctuations can be a further contribution to a larger quantification error for NbO. Generally, some deviation from the nominal chemical composition caused by amorphization during TEM specimen preparation cannot be excluded completely. In the investigated samples, a few amorphous regions were observed, especially in the thinnest zones of NbO. Of course, before EELS the regions chosen for analysis were checked by electron diffraction with respect to the degree of amorphization. However, the contribution of some remaining amorphous material in surface-near zones to the recorded EELS signal is still possible. Moreover, the sample thickness and orientation may also influence the EELS quantification, two effects which were not considered here.
In the case of Nb-M 4,5 edges as well as of the Nb-M 2,3 edges, the k-factors found for NbO and Nb 2 O 5 are in good agreement. This indicates that the background subtraction was performed quite properly, and solid-state effects~fine structure! can be neglected or several errors compensate for each other. Therefore, the experimentally determined k-factors are consistent enough to be used for stoichiometric investigations of unknown niobium oxides. Evidently, the use of the Nb-M 4,5 instead of the Nb-M 2,3 edges are recommended because of the higher obtainable accuracy. However, depending on the precision needed, a quantification by means of Nb-M 2,3 edges is also possible.
CONCLUSION
The Nb-M 4,5 , Nb-M 2,3 , and the O-K edges of stoichiometric NbO and Nb 2 O 5 were determined by means of electron energy loss spectroscopy. The two oxides can be clearly distinguished by the specific energy loss near-edge fine structures of the investigated edges. The O-K edges of NbO and Nb 2 O 5 are characterized notably by distinct double peak structures just above the ionization edge. The relative height of the first peak versus the second one and their energy splitting increase as the niobium oxidation state increases from ϩ2 by NbO to ϩ5 by Nb 2 O 5 . These structures can be understood in a first approximation in terms of ligand-field theory.
The two oxides can also be distinguished in a quantitative manner by measuring the ratio between the intensity under the Nb-M 2,3 or Nb-M 4,5 edges, respectively, and the intensity under the O-K edge. Generally, the k-factors obtained by the use of the Nb-M 4,5 edges are more accurate than those from the Nb-M 2,3 edges. In the latter case, background subtraction under the Nb-M 2,3 edges is complicated owing to the preceding Nb-M 4,5 edges. In spite of the general uncertainties in the background modeling, a good agreement between the k-factors derived from the measurements on NbO and Nb 2 O 5 was obtained by using the Nb-M 4,5 or Nb-M 2,3 edges. For each case, the experimentally determined k-factors can be applied to stoichiometric investigations of unknown niobium oxides.
